Pseudornonas jluorescens was grown in continuous culture with glucose or NH,+ as the growth-limiting substrate. The total amount of lipid and the relative proportions of neutral lipid and phospholipid did not vary with the rate or temperature of growth. The amounts of the phospholipids, which were phosphatidy1 glycerol, cardiolipin and phosphatidyl ethanolamine, altered with the type of growth limitation and with the temperature and rate of growth. A precise composition of phospholipid classes is not a requirement for growth at low temperature.
INTRODUCTION
The lipid composition of micro-organisms can show considerable variation with changes in the chemical and physical properties of the environment (Cronan & Vagelos, 1972) . Most work has been concerned with changes in the fatty acid composition. The increase of the unsaturated fraction of fatty acids with decrease of the growth temperature has received considerable attention (Farrell & Rose, I 967 ; Schmidt-Lorenz, I 972) ; however, the proportions of the different lipid classes are also affected by the growth conditions. The relative proportions of bacterial phospholipid classes are affected by the growth rate (Cronan, 1968; Randle, Albro & Dittmer, 1969) and by the pH and osmolarity of the growth medium (Houtsmuller & Van Deenen, 1965; Munro & Bell, 1973) , but growth temperature has been reported to have no effect on the phospholipids of growing organisms (Haest, De Gier & Van Deenen, 1969; Cullen, Phillips & Shipley, 1971) .
Variation in lipid composition with growth conditions has generally been studied using batch cultures in which several parameters may be changing simultaneously. At present, data on the effect of a single environmental factor on the overall lipid composition of a micro-organism are available only for the mesophile Saccharomyces cerevisiae (Hunter & Rose, ~g p ) , the lipids of which differ qualitatively from those present in bacteria.
Work with lipid auxotrophs has shown that the minimum temperature at which some membrane-associated processes can occur is dependent upon the lipid composition of the (Esfahani et al. 1971 ; De Kruyff et al. 1973) . The extent to which changes in the growth temperature affect the lipids of a cold-tolerant bacterium has therefore been studied in this context. Cultures were grown with continuous addition of medium for 40 h (200 h when specific growth rate = 0.01 h-l) then 1.5 1 of the culture was withdrawn and the cells pelleted by centrifugation at 10000 g for 20 min. The bacteria were washed twice with water, lyophilized and then stored at -5 "C. Samples which had to be stored before lyophilization were held at -18 "C.
METHODS

Organism and growth. Pseudomonas JIuorescens
Extraction and analysis of lipids. Freeze-dried cells were twice extracted at room temperature with chloroform-methanol (2 : I, v/v) and the combined extracts evaporated to dryness in a rotary evaporator. The residue was redissolved in 10 ml chloroform-methanol (2: I, vlv) and washed with 2 ml 0.88 (w/v) KCl, as described by Folch, Lees & Sloane Stanley (1957) . The chloroform layer was evaporated, the lipid weighed, and the neutral lipids and phospholipids were then quantitatively separated on columns of silicic acid by the procedure of Rouser, Kritchevsky & Yamamoto (1967) .
Neutral lipids were resolved on thin layers of activated silica-gel G using hexane-diethyl ether (10: I, v/v) as solvent. Phospholipids were separated on thin layers of activated silicagel H using the following solvent systems : ( I) chloroform-methanol-water (65 : 25 : 4, by vol.); (2) chloroform-methanol-7 M-NH, (65 : 30 : 4, by vol.); (3) chloroform-methanolacetic acid-water (170 : 24 : 25 : 4, by vol.).
Solvent systems 2 and 3 were also used for two-dimensional chromatography (Nichols, 1964) . The component lipids of the two fractions were identified by comparison of their behaviour in the solvent systems, indicated with that of standard lipids, and by their reactions with specific reagents (Skidmore & Enterman, 1962 ; Dittmer & Lester, 1964) . Ubiquinone was identified by the spectrum of the oxidized and reduced forms when dissolved in ethanol (Lester et al. 1959) .
Phospholipid classes were determined by phosphorus analysis of spots from thin-layer chromatograms developed with solvent I , and visualized with iodine vapour (Rouser, Siakotos & Fleicher, 1966) .
The fatty acid composition of the total lipid was determined by gas chromatography (using a model 204-B Varian-Aerograph, Walnut Creek, California, U.S.A.) of methyl esters prepared by trans-esterification of lipid, using sodium methoxide (Marinetti, I 962) .
Methyl esters were separated on a 5 ft x + in glass column packed with 10 % diethylene glycol succinate on 80/1oo Chromasorb W-AW at 175 "C, and the eluted compounds L@ids of P. JEuorescens identified by comparison of the retention times with those of standard compounds. Relative proportions of the fatty acids were calculated from the peak areas estimated from peak height x peak width at half peak height.
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RESULTS
There was no significant variation of the quantity of extractable lipid or of the relative amounts of neutral lipids and phospholipids present in P . Jluorescens. The average quantity of lipid obtained from 23 determinations was 86.3 & 4-2 mg/g freeze-dried bacteria. The total lipid contained 6.2 0.6 mg neutral lipid/Ioo mg extracted lipid. The major components of all samples of neutral lipid were diglyceride, free fatty acid and ubiquinone. Traces of triglyceride were also present. No attempt was made to quantify the individual components of the neutral lipid. The polar lipid was resolved into three component phospholipids by thin-layer chromatography. The major phospholipid was phosphatidyl ethanolamine, with lesser amounts of phosphatidyl glycerol and cardiolipin. The relative amounts of these lipids varied with the growth conditions. Table 3 .
There was an initial decline in the amount of cardiolipin and to a lesser extent of phosphatidy1 glycerol with increasing growth rate in carbon-limited cells, but the proportions of both components then increased so that there was a similar phospholipid composition at the two extreme growth rates examined. Under nitrogen limitation the proportion of cardiolipin increased with increasing growth rate, while the amounts of the other components decreased (Table I) . Decreasing temperature increased the proportion of phosphatidyl ethanolamine whereas both the other fractions declined in carbon-limited cells, but under nitrogen limitation the major change with temperature was a marked increase in the amount of cardiolipin at 10 and 3 "C ( Table 2) .
The major fatty acids present in P.fluorescens were C16:o, ClGz1, C1,:ocyc and C1, :1 ( Table 3) .
Traces of C18:o were detected in all samples; there was up to 3 % C14:o in nitrogen-limited but less than I % in carbon-limited cells. The latter bacteria also contained traces of an unknown acid with the retention time of a C15 fatty acid. A similar component of Escherichia coli lipids has been observed (Cronan, 1968) . There was no indication of ClgZ0 cyc formation; Knivett & Cullen (r965), however, found that this fatty acid is not formed in growing E. coli. Cyclopropane fatty acid formation was stimulated by decreasing the growth rate (Table 3 ) and increasing the growth temperature (Table 4) . Carbon-limitation had a minor effect in decreasing synthesis of C1,:o cyc. The physical characteristics of Lipids of P. fluorescens 297 
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For symbols, see Table 3 .
Fatty acids (%, wlw, total fatty acid) phospholipids are not altered by substitution of cyclopropane acids for mono-unsaturated acids (Cullen et al. 1971) . Palmitic acid (C16: , , ) increased in concentration with decreasing growth rate ( Table 3 ) and with increasing temperature (Table 4) ; nitrogen-limitation produced greater changes than carbon-limitation in both cases. There was little change in the amount of this acid on decreasing the growth temperature from 10 to 3 "C in bacteria grown under both types of nutrient limitation. Decrease of the growth rate also had no effect on the fatty acid composition of bacteria grown at low temperatures ( Table 5) .
The results show that for bacteria growing under nitrogen limitation, increasing the growth rate at a constant temperature had a similar effect on the lipids as decreasing the temperature at a constant growth rate. Presumably this occurred because in both cases the rate of catabolic activity relative to the rate of biosynthetic activity was being reduced, resulting in similar alterations of the intracellular concentrations of the metabolites which effect lipid synthesis.
D I S C U S S I O N
Although there is considerable variation in the relative amounts of the three phospholipid classes with the temperature of growth, equally great variation can be observed at any constant temperature by alteration of the growth rate or of the growth-limiting substrate from the carbon to the nitrogen source. A precise composition of phospholipid classes, therefore, is not a requirement for growth at low temperatures.
It has been suggested that the membrane fatty acid composition of bacteria varies continuously over the growth temperature range and is controlled within narrow limits at any growth temperature (Sinensky, 1971 ; Cullen et al. 1971) . However, the results reported here show that in P.JEuorescens growing at near optimum growth temperatures, the degree of variation that occurred on varying the growth rate or changing the growth-limiting substrate from carbon to nitrogen was as great or greater than the variation due to alteration of the growth temperature alone. The degree of saturation did not vary continuously over the whole of the growth temperature range: a minimum degree of saturation of the lipids was attained at about 10 "C and further decrease of the growth temperature, or changes in the growth rate or the growth-limiting substrate, did not significantly alter the fatty acid composition. Pseudornonas Jluorescens therefore controlled the fatty acid composition of its lipids over the lower third of its growth temperature range, to give a constant degree of saturation of the lipids. A precise degree of saturation of the lipids is apparently not required for normal growth at higher temperatures, and the increased saturation of the lipids at these growth temperatures seems to be due, at least in part, to the reduced ability of the controlling mechanism to compensate for the effects of alterations of the environment.
